Abstract: Recovery of the macroinvertebrate community inhabiting a headwater stream (catchment 54; C54) that received 3 years of seasonal insecticide treatment was investigated. Estimates of abundance, biomass, and production in C54 during 1989 and 1990 were compared with those of a nearby undisturbed reference stream (catchment 55; C55), and those of C54 during a pretreatment year (1985). Total macroinvertebrate abundance was similar throughout pretreatment, treatment, and recovery periods of C54. In contrast, biomass and production, which decreased during treatment, increased to levels similar to those of C54 in the pretreatment year and those of the reference stream during recovery. By 1990, the functional structure of C54 was similar to that of C55 and that of C54 before the treatment. However, taxonomic and developmental stage differences within some functional groups, particularly shredders, persisted. Despite poor recovery of some larger shredder taxa, rapid recovery of a relatively small trichopteran shredder, Lepidostoma spp., contributed significantly to recovery of ecosystem processes associated with shredders. Relationships between shredder biomass and coarse paniculate organic matter differed during treatment and recovery periods. Invertebrate taxa with shorter life cycles recolonized rapidly, while those with life cycles > 1 year generally displayed limited recovery. Hydrologic extremes during treatment (drought) and recovery (wet) periods affected organic matter and macroinvertebrate community dynamics in both streams, and may have influenced observed recovery patterns.
Introduction
Studies of ecosystem recovery following disturbance provide important information on the resilience of ecosystems, information that is of great practical value for assessing and predicting effects of perturbation, as well as recovery rates and patterns (Holling 1973; Connell and Sousa 1983; Sheldon 1984; Gore et al. 1990) . Additionally, these studies can have great value in elucidating relationships among biotic and abiotic components within systems, providing the basis for ecological theories such as the facilitation and inhibition models of succession (Connell and Slatyer 1977) .
Although the importance of recovery studies for both practical and theoretical considerations in stream ecology is obvious, recovery patterns and assessment of recovery end points following disturbance to stream systems remain poorly understood (Kelly and Harwell 1990; Gore et al. 1990; Yount and Niemi 1990; Niemi et al. 1993) . Factors contributing to this lack of understanding include differences in the recovery processes associated with different types of disturbance (Bender et al. 1984; Niemi et al. 1990 Niemi et al. , 1993 and variability in response of physically and (or) biotically different streams to similar types of disturbance (Resh et al. 1988) . Additionally, there is a general lack of studies that thoroughly examine community dynamics before, during, and following disturbance, while making comparisons with similar undisturbed reference streams (see review by Yount and Niemi 1990) . Thus, separating disturbance effects and recovery processes from other sources of variability (e.g., temperature and hydrologic fluctuations) is often difficult.
Recent studies have demonstrated that recovery of macroinvertebrate communities in streams is dependent upon a variety of factors including (i) the nature of the disturbance (length, size of area affected, duration, etc.) (Bender et al. 1984; Niemi et al. 1990 ); («) physical characteristics of the disturbed stream (Robinson et al. 1993) ; (Hi) proximity of the disturbed stream to source areas of colonists (Gushing and Gaines 1989) ; and (iv) characteristics of the inhabitant biota including vagility and life history specifics (Wallace 1990; Mackay 1992) . Additionally, recovery of some macroinvertebrate groups (e.g., filter feeders and collector gatherers) may be dependent upon recovery of other groups, particularly shredders, which influence detritus resource availability (Wallace et al. .1986 (Wallace et al. . , 1991a .
A previous study examined the effects of insecticide treatment on macroinvertebrate production in a southern Appalachian Mountain headwater stream (Lugthart and Wallace 1992) . During insecticide treatment, insect abundance, biomass, and production were greatly reduced relative to pretreatment levels, while noninsect taxa proliferated in the disturbed stream. Whiles and Wallace (1992) subsequently examined invertebrate abundance and biomass in this stream during the first recovery year, and noted differences from pretreatment and reference stream communities that persisted after 1 year of recovery.
The objectives of this study were to examine macroinvertebrate community dynamics in the disturbed stream studied by Lugthart and Wallace (1992) during 2 years of recovery following insecticide treatments. Because estimates of production give insight into community structure and (Benke 1984 (Benke , 1993 Lugthart and Wallace 1992) , we have used production estimates, along with estimates of abundance and biomass, to examine recovery. Comparisons are made with an adjacent, undisturbed reference stream, as well as previously published production estimates from the same stream before and during insecticide disturbance (Lugthart and Wallace 1992) . Abundance, biomass, and annual production estimates of the total invertebrate community, as well as functional and taxonomic groups were examined during this 2-year recovery period. Additionally, to examine relationships between invertebrate recovery and organic matter dynamics, benthic organic matter was measured throughout the study period in both the disturbed and reference streams.
Study sites
The two study streams are located at the Coweeta Hydrologic Laboratory (U.S. Forest Service), a 1625-ha drainage basin located in the Blue Ridge province of the Southern Appalachian Mountains in Macon County, North Carolina. Both streams are first order and drain catchments (C) 54 and 55. Catchments at Coweeta are typically forested with mixed hardwoods dominated by white oak (Quercus alba), red oak (Quercus rubra), red maple (Acer rubrutn), and tulip-tree (Liriodendron tulipifera). Low-order streams are heavily shaded by dense riparian rhododendron (Rhododendron maxima) growth throughout the year. Detailed descriptions of the Coweeta basin are presented by Swank and Crossley (1988) . The physical characteristics (e.g., discharge, gradient, and temperature) of the two study streams are similar and are summarized in Table 1 .
Prior to this study (1986) (1987) (1988) , C54 was treated seasonally (four seasonal treatments per year) with the insecticide methoxychlor (1,1,l-trichloro-2,2-bis(p-methoxyphenyl) ethane; Chemical Abstracts Service (CAS) No. 72-43-5). Hand sprayers were used to treat the entire length of the stream channel from the flume to the spring seep at a rate of 10 mg/L, on the basis of flume discharge. Insecticide treatment induced massive invertebrate drift (Wallace et al. 1989, 19916) . Abundance, biomass, and production of insects during the first year of treatment were reduced relative to pretreatment values by 72, 75, and 80%, respectively (Lugthart and Wallace 1992) , and large accumulations of unprocessed leaf litter were present in C54 by the final treatment year (Wallace et al. 1995) . In contrast to insects, noninsect abundances and production increased by 35 and 40%, respectively, during treatment. However, because of the loss of decapods, noninsect biomass decreased during treatment by approximately 40%.
Seasonal treatment of C54 continued for 3 consecutive years (1986) (1987) (1988) During the 1985-1988 treatment period of C54, record drought conditions prevailed, with 1986 having the lowest annual precipitation (124 cm) recorded at Coweeta (69% of the 60-year average of 180.1 cm) (Coweeta Hydrologic Laboratory, unpublished data). In contrast, the 1989 recovery sampling year was the wettest on record (234 cm), and was followed by another extremely wet year (1990; 209 cm) . Although precipitation during 1990 was slightly lower than that of 1989, discharge in both study streams was higher during 1990 (Table 1) . Undoubtedly, a large portion of 1989 precipitation was apportioned to groundwater recharge following the preceding drought period.
Methods

Benthic sampling
Benthic samples were collected monthly (C54) and bimonthly (C55) for a 2-year period commencing in December 1988. Four mixed substrate and three bedrock outcrop samples were collected on each sampling date. Prior to each sampling date, sampling sites within each stream were randomly selected.
Mixed substrate habitats (composed of various mixtures of sand, gravel, pebble, and cobble) were sampled with a 400-cm 2 stovepipe-style coring device. The corer was driven ca. 10 cm (or until bedrock was contacted) into areas of mixed substrates and all material was removed by hand and cup. Bedrock outcrop habitats were sampled by scraping and brushing all associated material from a 15 X 15 cm area into a large plastic bag held against the rock surface at the downstream margin of the sampled area.
Organic components of each sample were elutriated from inorganic substrates and passed through 1-mm and 250-|xm nested sieves. Samples were preserved in a 6-8% Formalin solution containing Phloxine B dye. Invertebrates in the >l-mm fraction were removed by hand sorting under a dissecting microscope using 15 X magnification. Occasionally, the fraction of a sample between 250 |xm and 1 mm was subsampled (1/4 to 1/64 of sample), using a sample splitter (Waters 1969) , prior to removal of invertebrates under a dissecting microscope.
Invertebrates from samples were identified, counted, and measured (total body length) under a dissecting microscope equipped with a graduated stage. Insects were identified to genus and species whenever possible, except for chironomids, which were identified as Tanypodinae or non-Tanypodinae. Most noninsect taxa were identified only to order.
Following invertebrate removal, samples were processed to obtain ash-free dry mass (AFDM) estimates of benthic organic matter. Organic materials from the >l-mm fraction of each sample (coarse particulate organic material (CPOM)) were divided into leaves, wood, seeds and buds, roots, and miscellaneous categories. Materials in each category were then oven dried (60°C for approximately 7 d), weighed, ashed (500°C for 2-12 h), and reweighed to obtain AFDM estimates. Materials <1 mm (fine particulate organic matter (FPOM)) were sampled by withdrawing a 5-to 100-mL subsample from a known volume of stirred material (1-10 L), and filtering through a preashed and preweighed glass fiber filter. Filters were then dried, weighed, and ashed as described for CPOM. Total FPOM estimates included materials retained on the 250-u.m sieve, materials that passed through the 250-jjum sieve, and a sample of water left in the corer after substrates were removed in the field. All were processed in the same manner (filtering) and summed to obtain estimates of FPOM for each benthic sample.
Organic matter data from individual samples were used to examine differences amongst years within each stream. Because organic matter data were not normally distributed, annual CPOM and FPOM standing stocks within streams were compared by a Kruskall-Wallis analysis of variance (ANOVA) on ranks and Dunn's multiple comparison procedure (p < 0.05).
Biomass and production estimates
Biomass estimates (AFDM) for all insect taxa and large noninsect taxa were obtained with length-weight regressions derived from animals in the study streams, other streams at the Coweeta Hydrologic Laboratory (Huryn 1986) , or other North Carolina streams (Smock 1980) . Estimates made using regressions from Smock (1980) were multiplied by 0.85 to convert from dry mass to AFDM. Biomass estimates for small noninsect taxa (e.g., Copepoda, Hydracarina) were obtained by determining mean individual biomass from masses of >50 individuals in each size-class.
Annual production was estimated for all taxa collected over the study period. For most insect taxa except nontanypodine Chironomidae, the size-frequency method was employed (Hamilton 1969) . Values were corrected for the cohort production interval (CPI) according to Benke (1979) . Non-tanypodine Chironomidae production estimates were obtained via the community-level method (Huryn 1990 ). For noninsect taxa and rare insect taxa, production was estimated by multiplying mean annual standing stock biomass by production to biomass ratios (P/B) obtained from other studies. These P/B values were 0.58 for crayfish (Cambarus bartonii) (Huryn and Wallace 1987a) , 18 for Copepoda (O'Doherty 1988) , 5 for other noninsect taxa (Oligochaeta, Nematoda, Hydracarina, and Turbellaria) (Waters 1977) , and 5 or 10 for rare insect taxa that are univoltine or bivoltine, respectively (Waters 1977) . All taxa were assigned to a functional feeding group on the basis of Merritt and Cummins (1984) or our knowledge of local fauna. Crayfish abundance, biomass, and production were divided among shredders (one half), collector-gatherers (one quarter), and predators (one quarter) according to Huryn and Wallace (1987a) .
Mean annual abundance, biomass, and production for each taxon, functional groups, and the total invertebrate community were estimated separately for the two major habitats within each stream (mixed substrates and bedrock outcrop). Values were then habitat weighted for the proportion of each habitat in each stream. When comparisons were made between streams, one-way ANOVA (p < 0.05) was used. Prior to analysis with ANOVA, data were log(X +1) transformed to eliminate heteroscedasticity (Zar 1984) . Flexible strategy cluster analysis (a. = -0.25) (Ludwig and Reynolds 1988) was used to examine similarities between invertebrate communities (total invertebrates and functional groups) in C54 during pretreatment, treatment, and recovery periods. Relationships between invertebrate biomass and benthic organic matter standing stocks were investigated with simple linear regressions performed on log(.Y +1) transformed data using individual samples from each year.
Results
Habitat comparisons
Invertebrate production in mixed substrate habitats exceeded that of bedrock outcrops during 1989 and 1990 by more than 2 times in C54 and to a lesser degree in C55 (Table 2) . Shredders, collector-gatherers, and predators codominated mixed substrate production in C55 during both 1989 and 1990 (Table 2 ). However, collector-gatherers dominated production in C54 mixed substrates in 1989, exhibiting production more than 2 times greater than that of collectorgatherers in mixed substrates of C55 during 1989. Collectorgatherer production decreased in C54 mixed substrates during the second recovery year, while that of shredders and particularly predators increased. These increases in C54 coincided with decreases in shredders, predators, and collector-gatherers in mixed substrates of C55 ( Table 2) . As a result, invertebrate production in C54 mixed substrates was more than 2 times higher than in C55 during 1990.
Invertebrate production on bedrock outcrop habitats in the C55 reference stream was dominated by collectorfilterers during 1989 and by shredders and collectorfiltefers during 1990 (Table 2 ). However, as observed for mixed substrate habitats in C54, collector-gatherers displayed the highest production on bedrock outcrop habitats in C54 during 1989, followed by collector-filterers. Collectorgatherers continued to dominate bedrock outcrop production in C54 during 1990, as shredder and collector-filterer production remained relatively low in comparison with that in the reference stream ( Table 2) . As a result, C54 bedrock outcrop production remained ca. 1 g lower than that of C55 during 1990.
Habitat-weighted invertebrate communities
Total habitat-weighted invertebrate abundance in C54 during the first recovery year (74 992 individuals/m 2 ) was similar to that observed during pretreatment and treatment years, and declined slightly to 56 162 individuals/m 2 by the second recovery year (Fig. 1) . Total invertebrate abundances were comparable throughout pretreatment, treatment, and recovery years in C54. However, total invertebrate abundances in C54 during the 1989 and 1990 recovery years were somewhat higher than values in C55 (1.6 times higher in 1990) over the same time period (Fig. 1) .
Total habitat-weighted invertebrate biomass and production estimates during the recovery period showed a much clearer trend than abundance estimates. Both biomass and production of total invertebrates in C54 increased from the treatment year to the first year of recovery by ca. 40 and 54%, respectively. These values further increased in 1990, and were similar to those observed in the C55 reference stream and C54 pretreatment (Fig. 1) . However, the trend observed in C54 is opposite to that observed in C55, where total invertebrate biomass and production values decreased during the record wet years of 1989 and 1990 (Fig. 1) .
The contribution of insects to total invertebrate abundance, biomass, and production in C54 increased during recovery, as noninsect values dropped and insect taxa recovered (Fig. 1) . The percent contribution of insects to Chord distance total abundance in 1990 (28%) was still somewhat lower than that in C54 during the pretreatment year (53%) and in C55 (ca. 50% for all years). However, the percent contributions of insects to biomass (87%) and production (87%) in C54 during 1990 were both similar to those observed in C54 during the pretreatment year and in C55 ( Fig. 1 ).
High noninsect biomass values observed in C54 during 1985 and C55 during 1986 were a result of the presence of a few large decapods collected in benthic samples, which have slow growth rates and are insufficiently abundant to greatly affect production and abundance values. Cluster analysis performed on habitat-weighted production of all invertebrate taxa reflected close similarity between C54 and C55 before treatment (1985) (Fig. 2A) . Note: Values are annual habitat-weighted production (g AFDM-m~2-year~') with percent contribution of each group to total production for that year in parentheses, and production to biomass (P/B) ratios.
Values for the treatment (1986) and the first recovery year (1989) in C54 were also quite similar ( Fig. 2A) . These 2 years in C54 (1986 and 1989) then clustered with all other drought-period years, including the 1985 pretreatment year. However, values for C54 in 1990 were more similar to the results obtained during other wet years (C55 in 1989 and 1990) ( Fig. 2A) .
Habitat-weighted functional and taxonomic comparisons
Cluster analysis performed on habitat-weighted functional group production showed less overall difference amongst streams and years than that of individual taxa (cf. Figs. 2A  and 2B ). First-year recovery in C54 again grouped with the treatment year. However, these 2 years appeared to be distinctly different from all other years, and no pattern of dry and wet years was evident from functional analysis (Fig. 2B) .
Production of most functional groups in C54 decreased substantially during treatment of C54, while functional groups in the reference stream showed little change during this period (Fig. 3) . Collector-gatherers, which include numerous noninsect taxa (e.g., Copepoda and Cladocera), were the only group to show little treatment effect in C54. However, production of only insect collector-gatherers in C54 did decline during treatment and remained somewhat lower than pretreatment values through 1990 (Fig. 3) . By 1990, only shredder production remained substantially lower than pretreatment values (22% lower), while production of other groups was similar to (filterers), or somewhat higher than, pretreatment values (Fig. 3) . Predator production increased markedly from 1989 to 1990, rising from being 30% lower than C54 pretreatment values during 1989 to being 21% higher than C54 pretreatment values during 1990.
- 100 1986 1989 1990 During the first recovery year, total invertebrate production in C54 had already surpassed that of C55. However, differences in functional group production between C54 and C55 were evident. Shredder and predator production in C54 during 1989 were 70 and 74%, respectively, of that observed in C55 (Table 3 ). In contrast, scraper, collectorfilterer, and particularly collector-gatherer production in C54 had already exceeded that of C55 in 1989, more than making up the deficit of the other three groups. By 1990, production of most functional groups in C54 was similar to, or exceeded, production in C55, while that of predators was substantially higher (2.4 times) than in C55 (Table 3) . P/B ratios reflected recovery patterns and taxonomic changes in some functional groups during recovery. During 1989, the P/B ratios of all functional groups except predators and filterers in C54 were at least slightly higher than in C55 (Table 3 ). Scraper and shredder P/B ratios were more than 2 times higher than those of C55, indicating the relative importance of smaller, faster growing taxa. As a result, the total community P/B ratio of C54 during 1989 was 1.4 times that of C55. By 1990, all functional group P/B ratios were similar among streams, except for shredders in C54, which remained ca. 2 times higher than those in C55 (Table 3) .
During 1989, the single dominant taxon of all functional groups except filterers in C54 did not match that of C55, although the top three taxa of each group were usually similar between the two streams (Table 4) . However, in the case of shredders, Lepidostoma spp. (Trichoptera: Lepidostomatidae) dominated production in C54 during 1989, but was not a dominant taxon (i.e., among the top three on the basis of production) in C55 (Table 4) . Conversely, Tallaperla spp. (Plecoptera: Peltoperlidae) was not a dominant shredder in C54 during 1989 but was important in C55 during both 1989 and 1990 . By 1990, the dominant taxa of all functional groups were similar between streams, with the exception of the importance of the scraping caddisfly Neophylax mitchelli Carpenter (Trichoptera: Limnephilidae), and the continued importance of Lepidostoma spp. in C54 (Table 4) .
Univoltine invertebrate taxa dominated production in both streams during 1989 and 1990 (Table 5 ). However, trends in the two streams differed. Production of polyvoltine taxa accounted for 24% of total invertebrate production in C54 during 1989, and decreased to 14% during 1990. Production of all other groups, particularly those with life cycles >1 year, increased from 1989 to 1990 in C54 (Table 5 ). In contrast, production of merovoltine and univoltine taxa decreased from 1989 to 1990 in C55, and changes in polyvoltine and semivoltine groups were more subtle than those in C54 (Table 5) . Thus, a trend of increasing production of taxa with relatively long life cycles was taking place during recovery of C54, while overall production was decreasing in C55.
Production of most insect orders in C54 increased from 1989 to 1990, whereas all noninsect groups declined (Table 6 ). Copepod abundances in C54, which were significantly Note: Values are annual habitat-weighted production (g AFDM-m 2 -year ') with percent contribution of each group to total production for that year in parentheses.
higher than those in C55 during 1989 (p < 0.05), decreased to levels similar to those in C55 during 1990 (Fig. 4) . A similar trend was evident for abundance, biomass, and production of all noninsect taxa in C54 during recovery (see Appendix). By 1990, production of some insect orders in C54 had substantially surpassed those in C55. These included Trichoptera, Diptera, and Odonata, with the latter two more than 1 g AFDM-m~2-year" 1 higher than those in C55 (Table 6) .
By 1990, production of most individual insect taxa in C54 was similar to or exceeded that of insect taxa in C55 (see Appendix). However, some important exceptions, particularly amongst shredder taxa and taxa with longer life cycles, were evident. For example, production of Tallaperla spp., an important leaf-shredding stonefly in undisturbed Coweeta streams, was substantially lower in C54 than C55 during 1989 and remained at only 55% of the production in C55 during 1990 (Table 4) . Tallaperla spp. are semivoltine in Coweeta streams, with two cohorts normally present in undisturbed streams. However, size-frequency plots of Tallaperla spp. demonstrate that only one cohort was present in C54 for much of the 2-year recovery period (Fig. 5) . In contrast, the relatively small univoltine shredding caddisflies Lepidostotna lydia and Lepidostoma griseum recolonized C54 rapidly and continued to increase throughout the recovery period. Thus, during 1990 the abundance of Lepidostoma spp. (both species combined) in C54 was significantly higher than that in C55 (p < 0.05) (Fig. 6 ).
Benthic organic matter
Average annual standing stocks of benthic leaf litter and total CPOM remained similar in the mixed substrate habitat of C54 during pretreatment, first-year treatment, and the first recovery year, but declined significantly during the second year of recovery (p < 0.05) ( Table 7 ). This same pattern was evident in C55, suggesting that washout of CPOM from high discharge during 1990, rather than a strong recovery of leaf-shredding invertebrates in C54, resulted in lower CPOM standing stocks during 1990 (Table 7) . FPOM showed a pattern similar to that of CPOM, with 1990 standing stocks of FPOM in mixed substrate habitats of both streams significantly lower than those of 1986 (first year of treatment) and 1989 (first year of recovery) (p < 0.05) ( Table 7) .
Because of generally lower values and higher variability amongst samples, changes in CPOM standing stocks on bedrock outcrop habitats of both streams were unclear (Table 7) . However, bedrock outcrop FPOM values in C54 during 1989 were significantly higher than in other years (p < 0.05). A similar, but less significant, pattern was observed in C55 (Table 7) . Because both streams are dominated by mixed substrates, habitat-weighted values of all organic matter categories showed the same pattern observed for mixed substrate habitats (lowest values during 1990) ( Table 7) .
Invertebrate and organic matter relationships
Collector-gatherer biomass (both total and noninsects) in both streams was positively correlated with FPOM throughout pretreatment, treatment, and recovery periods of C54 (p < 0.05). However, shredder biomass and CPOM relationships in C54 showed strong treatment and recovery effects (Table 8) . During the 1985 pretreatment year, shredders in C54 and C55 were positively correlated with CPOM 
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(/> < 0.001). However, no significant relationship was evident between shredders and CPOM in C54 during treatment (p > 0.05). During 1989, a positive correlation was again evident in C54, and this relationship strengthened (higher r) 
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during the second recovery year (p < 0.001 for both years) (Table 8 ). In contrast, shredder biomass and CPOM were significantly correlated in the reference stream throughout treatment and recovery years of C54 (p < 0.001).
Discussion
As noted by Lugthart and Wallace (1992) during treatment of C54, and Whiles and Wallace (1992) during first-year recovery, invertebrate abundance data failed to accurately depict changes occurring in C54 throughout the 1989-1990 recovery period (see Fig. 1 ). Abundance data alone, especially when considered as a whole (total invertebrate abundance), provide little information regarding size-class and age structure, growth rates, and relative importance of individual taxa or functional groups. Biomass, and particularly production estimates, allow for more comprehensive analysis of these important parameters, giving a more complete picture of community dynamics during disturbance and subsequent recovery. Despite this, the majority of lotic system recovery studies to this date have employed some form of abundance measure, including the occasional use of presence-absence information alone, for examination of recovery processes (see reviews by Niemi et al. 1990; Yount and Niemi 1990) . However, abundance data in the form of biotic indices such as the North Carolina Biotic Index (Lenat 1993) and EPT (Ephemeroptera, Plecoptera, Trichoptera index) have recently been shown to depict changes in stream ecosystem processes associated with anthropogenic disturbance and subsequent recovery (Wallace et al. 1996) . Lugthart and Wallace (1992) .
Estimates of production from C54 and C55 during this study are similar to those reported for the same streams (except during insecticide treatments) in previous studies (Lugthart and Wallace 1992) , other small streams at Coweeta (Huryn and Wallace 19876) , and similar sized streams in other regions (Krueger and Waters 1983; Iverson 1988; Gaines et al. 1992) . Our production estimates, as with other studies conducted in small streams, are substantially lower (per square metre) than many of those reported for larger streams and rivers, where production estimates over 40 times greater than those of C54 and C55 during this study have been reported (Voshell 1985; see Benke 1993 for review).
Physical factors influencing recovery
Record high precipitation during the 1989-1990 recovery period resulted in increased wetted areas of both streams (Wallace et al. 1991a) . Annual estimates of wetted areas from drought (1986) to wet (1989) years increased by ca. 30 and 20% in C54 and C55, respectively. During this period, invertebrate abundance, biomass, and production in C54 increased, despite coinciding decreases in the reference stream as a result of a dilution effect. Area! estimates of production in C55 decreased by ca. 12% from 1986 to 1989. Thus, a 20% increase in the wetted area of C55 resulted in a 12% decline in areal production during this period. Wetted area estimates were not available for the subsequent 1990 wet year, but production further declined in C55 from 1989 to 1990 by ca. 20%. Although areal estimates in C55 decreased during 1989 and 1990, C54 values increased and surpassed those of C55. Thus, recovery processes in C54 were overriding the influence of 2 extremely wet years, and our areal production estimates during recovery may be underestimates of up to 18% during 1989, and more in 1990, on the basis of relationships observed in the C55 reference stream. Lugthart and Wallace (1992) . *Significant at/7 < 0.001.
Results of cluster analysis performed on production of all invertebrate taxa ( Fig. 2A) further demonstrate the importance of hydrologic factors during this study. Aside from similarities in C54 data between 1989 and the 1986 treatment year, the two major clusters formed reflect drought and wet conditions during 1985-1986 and 1989-1990 , respectively. As a result, the invertebrate community in C54 during the second recovery year was apparently less similar to that of the pretreatment year than the treatment year or the first year of recovery. Thus, strong physical influences in the form of hydrologic extremes were apparently acting on the invertebrate communities of both streams throughout this study, and may have influenced recovery and (or) our interpretation of recovery processes. However, cluster analysis performed on functional group production showed no pattern of wet-dry years (Fig. 2B) , suggesting that hydrologic fluctuations in these streams act on specific taxa rather than functional groups.
Record high precipitation during the 2 recovery years may also have indirectly affected invertebrate communities in both streams by altering organic matter dynamics. Significantly lower benthic leaf litter and total CPOM standing stocks in both streams during 1990 (Table 7) were a result of higher export and lateral deposition of this material during periods of unusually high discharge (Wallace et al. 1995) . The influence of this benthic CPOM reduction on invertebrate recovery processes in C54 is not clear, but conceivably may have limited shredder recolonization (e.g., Richardson 1991; Dobson and Hildrew 1992) , compounding the possibility of our underestimating invertebrate production during recovery of C54. These results suggest that our observations may be underestimates of what might be observed during normal years and underscore the importance of using a reference system during the same time frame as the study system. As demonstrated here, yearly comparisons within one system are subject to annual environmental variability that may confound other processes.
Differences in the macroinvertebrate communities of the two major substrate types observed during this study (see Table 2 ) are consistent with observations made by others (Gurtz and Wallace 1984; Huryn and Wallace 19876; Lugthart and Wallace 1992; Whiles and Wallace 1992) and reflect physical differences between these habitats. More retentive and heterogeneous mixed substrate habitats of Coweeta streams are codominated by collector-gatherers, predators, and shredders. Bedrock outcrop habitats, which are characteristically areas of higher entrainment, are favored by collector-filterers and some shredder taxa. Appropriate groups recolonized mixed substrate habitats in C54 by the second recovery year. However, following initial recolonization of bedrock outcrops in C54, many important collector-filterer taxa (e.g., Parapsyche cardis (Trichoptera: Hydropsychidae) decreased by 1990 (see Appendix). In contrast, some taxa of other functional groups, such as the collector-gatherer stonefly Amphinemura wui and the scraping caddisfly Neophylas mitchelli, which were relatively unimportant on C54 bedrock outcrops before treatment (Lugthart and Wallace 1992) and during 1989 (see Appendix), were amongst the most productive taxa on bedrock outcrop habitats in C54 during 1990. Thus, C54 bedrock outcrop communities appeared initially to recover rapidly, but displayed marked annual variability over the 2 recovery years.
Other studies at Coweeta have noted differences in the effect of disturbance on bedrock outcrop and mixed substrate habitats. Gurtz and Wallace (1984) reported that bedrock outcrop habitats in a stream subjected to clearcutting were more resistant to sedimentation than other substrates, and suggested that physical stability of this habitat resulted in biological stability. In contrast, Lugthart and Wallace (1992) found the bedrock outcrop habitat to be more sensitive to drought disturbance than mixed substrates. Results of the current study suggest that the invertebrate community of bedrock outcrops in C54 may be resilient to an insecticide disturbance but subject to considerable annual fluctuations in community structure.
Functional and taxonomic recovery patterns
Although insect and noninsect production levels in C54 during 1990 were both similar to C54 pretreatment values, C54 noninsect biomass during 1990 was approximately one third that of the pretreatment value. This is entirely a result of the loss of crayfish in C54. Although crayfish can contribute substantially to biomass estimates, their low abundances and slow growth rates in these streams do not contribute significantly to abundance or production estimates (Huryn and Wallace 1987a) . Crayfish have limited dispersal abilities and failed to recolonize C54 during the course of this study. In contrast, most insect taxa were capable of recolonizing via aerial adults, and many smaller noninsect taxa have short life cycles and resistant life stages that enabled them to persist in C54 during treatment (Lugthart and Wallace 1992) .
In most cases, production values in C54 were similar to those in the reference stream by 1990. However, differences in functional group P/B ratios and voltinism of inhabitant taxa indicate lingering taxonomic differences (see Tables 4 and 6 ). High scraper P/B ratios in C54 during 1989 reflect the relative importance of smaller, faster growing scrapers (e.g., Baetis spp. (Ephemeroptera: Baetidae)), and the relative scarcity of larger and (or) longer lived scrapers (e.g., Stenonema spp. (Ephemeroptera: Heptageniidae) and Neophylax mitchelli). Similarly, relatively high shredder P/B ratios in C54 during both 1989 and 1990 reflect the predominance of small univoltine shredders such as Lepidostoma spp., and reduced numbers of larger, semivoltine shredders (e.g., Tallaperla spp. and Fattigia pele (Trichoptera: Sericostomatidae)).
Higher shredder P/B ratios in C54 compared with C55 also reflect differences in the age structure of longer lived taxa between the two streams. Macroinvertebrate shredders are a vital component of detritus dynamics and energy flow in Coweeta headwater streams (Wallace et al. 1982 (Wallace et al. , 1986 Cuffney et al. 1984 Cuffney et al. , 1990 , as well as forested headwater streams in general (e.g., Vannote et al. 1980) . Peltoperlid stoneflies, which are semivoltine, have been shown to be one of the most abundant, productive, and thus important shredders in small undisturbed Coweeta streams (O'Hop et al. 1984; Lugthart and Wallace 1992) . However, during most of the 2-year recovery period, only one Tallaperla spp. cohort was well represented in C54. Lepidostoma spp., smaller, univoltine trichopteran shredders, contributed greatly to recovery of shredder abundance (see Fig. 6 ) and production (see Appendix) in C54. Thus, although shredder production in C54 was 0.71 g AFDM-m~2-year~' higher than that in C55 by 1990, the average individual body size of shredders in C54 (0.30 mg AFDM) was less than half that of shredders in the reference stream (0.63 mg AFDM), and habitat-weighted annual average shredder biomass was substantially less in C54 (0.374 g/m 2 ) than in C55 (0.572 g/m 2 ). Differences in the C54 shredder community undoubtedly influenced ecosystem-level processes in C54. Despite low shredder biomass, processing of both red maple and rhododendron litter in C54 was substantially faster than in C54 before treatment and in C55 by 1990 . Additionally, Whiles et al. (1993) linked high densities of Lepidostoma spp. with unusually fast litter processing rates during recovery periods of disturbed Coweeta streams. Thus, although smaller in size, Lepidostoma spp. were extremely important in C54 during recovery. Chung (1992) noted that litter decomposition dynamics in C54 during recovery more closely tracked dynamics of trichopteran shredders in litterbags than other shredders. Differences in shredder production between C54 (2.77 g AFDM-m~2-year~1) and the reference stream (2.06 g AFDM-m~2-year~1), when converted to consumption rates using assimilation efficiency and net production efficiency values from McDiffett (1970) and Perry et al. (1987) , suggest that shredders in C54 consumed 14 g AFDM-m~2-year~' more leaf litter than those in the reference stream during 1990. As a result, the processing time of CPOM inputs into C54 during 1990 was probably shorter than that of similar undisturbed streams at Coweeta, and particle generation may have been enhanced. In agreement, Wallace et al. (1991a) observed a rapid recovery of seston concentration in C54.
The positive correlation of shredder biomass and CPOM in C55 and C54 before treatment suggests that, in undisturbed Coweeta streams, CPOM is a limiting resource (see Table 8 ). Others have also recently demonstrated that CPOM can be a limiting resource to shredders (Richardson 1991; Dobson and Hildrew 1992) . However, during treatment of C54, shredder densities were severely reduced and large accumulations of unprocessed leaf litter were present (Wallace et al. 1995) . As a result, CPOM was apparently no longer limiting during treatment, as no significant relationship between shredder biomass and CPOM was evident. With gradual recolonization of shredder taxa, regression slopes and correlation coefficients of shredder biomass and CPOM in C54 increased, reflecting restoration of this relationship over the 2 years following treatment.
In a previous study that examined recolonization of invertebrates in litterbags following a similar, but shorter (1 year) disturbance, Wallace et al. (1986) observed a shredder facilitation effect, whereby recovery of particlefeeding collectors in litterbags followed that of shredders. During our study, no such effect was observed for the benthos as a whole. Both collector-filterers and collectorgatherers recovered rapidly and appeared to precede shredders as a group (see Fig. 3 and Table 3 ). This apparent lack of a facilitation effect was most likely a result of physical factors associated with discharge and longer treatment of C54. The high standing stock of FPOM in C54 during the first recovery year (see Table 7 ) was most likely a result of reduced export and higher retention of this material during the preceding 1986-1988 drought. Large accumulations of unprocessed leaf litter in C54 by the third year of treatment (1988) (Wallace et al. 1995) probably further contributed to retention of FPOM. Additionally, high precipitation and discharge during the first recovery year resulted in expanded stream channels, and undoubtedly enhanced inputs of previously unavailable paniculate organic matter lateral to the stream channel, as well as entrainment of previously accumulated FPOM. Wallace et al. (199la) observed seston concentrations shortly after cessation of treatments in C54 similar to those of undisturbed Coweeta streams. Thus, regardless of shredder activity, the physical characteristics of the treatment and recovery periods in C54 resulted in conditions that favored collectorgatherers and filterers. Additionally, rapid recolonization of Lepidostoma spp. in C54 may have further enhanced FPOM generation during recovery of C54, despite reduced production of other shredders.
Changes in C54 during the recovery period are clearly a result of a shift from seasonal anthropogenic disturbance to no anthropogenic disturbance. Lugthart and Wallace (1992) demonstrated that during treatment of C54, smallbodied taxa with fast developmental rates dominated the invertebrate community. Heckman (1981) observed similar increases in small-bodied taxa with faster developmental periods in orchard streams exposed to insecticide. Similarly, during the first recovery year of C54, Whiles and Wallace (1992) observed relatively high abundances and biomass of many smaller taxa, while those of many larger taxa with longer life cycles, particularly semivoltine taxa, were still reduced. Results of the current study show a 2-year recovery pattern of decreases in small, multivoltine taxa (e.g., polyvoltine and bivoltine insect taxa and most noninsect taxa) and increases in larger, univoltine and semivoltine taxa.
Predators showed one of the largest increases in production of all functional groups from treatment through recovery of C54, resulting in ca. 25% higher predator production during 1990 than before treatment (see Fig. 3 ). Decreases in many small-bodied collector-gatherer taxa (e.g., Copepoda (see Fig. 4) ) correspond with increased predator production, suggesting that invertebrate predators are an important regulator of community structure in Coweeta headwater streams. Wallace et al. (1987) found that an insecticide-tolerant predator in C54, Lanthus vemalis Carle (Odonata: Gomphidae), readily switched to smaller noninsect prey items during treatment, when larger insect prey were scarce. High densities of small collector-gatherer taxa following treatments in C54 undoubtedly represented a rich food resource for recolonizing predators. As recovery proceeded, it is likely that predation pressure reduced densities of Copepoda and other small collector-gatherers to levels similar to those in the reference stream, and in C54 during the pretreatment period.
Major factors influencing recovery of C54 during this study were characteristics of the life cycles of individual taxa, especially life-cycle length. Taxa with shorter life cycles and (or) extended flight periods were capable of more rapid recolonization than those with longer life cycles and (or) shorter flight periods. These observations agree closely with those of other recovery studies (e.g., Ide 1967; Gray 1981; Fisher et al. 1982; Molles 1985) . Because C54 was treated from the spring seep down to a gauging flume, upstream or downstream source areas for larval colonists were not present. Thus, recolonization was primarily limited to ovipositing adults (Wallace et al. 1991b ). The close proximity of numerous source areas (undisturbed streams) for colonists at Coweeta was undoubtedly an important factor contributing to rapid recovery of many taxa.
After 2 years of recovery, overall community and functional structure in C54 was similar to that in the reference stream, as well as in C54 in the pretreatment period. However, subtle taxonomic and developmental stage differences persisted, because of a positive relationship between lifecycle length and recovery time. A similar recovery pattern (functional recovery preceding taxonomic recovery) was observed in a similar study at Coweeta in which recovery of macroinvertebrates in litterbags was examined (Wallace et al. 1986 ). Many of the differences that persist in C54 after 2 years are associated with shredder taxa, suggesting that lingering effects on energy flow are possible. However, rapid recolonization of some taxa (e.g., Lepidostoma spp.) appears to have compensated for the slow recovery of others, demonstrating that some taxa with high vagility may play disproportionately important roles during recovery. Additionally, changes in the reference stream during the course of this study indicate that the magnitude of the recovery sequence we observed may have been influenced by prevailing physical conditions. Thus, recovery patterns in C54 during a period of normal environmental conditions may have differed.
Annual mean abundance (Ab; individuals/m 2 ), biomass (Bi; mg AFDM/m 2 ), and production (Pr; mg AFDMm~2-year~') of major invertebrate taxa in mixed substrates and bedrock outcrop habitats of catchments 54 and 55 (C54 and C55) during 1989 (year 1) and 1990 (year 2).
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